This letter reports an optically induced cell lysis device that can selectively lyse a single cell within a group of cells, a function which cannot be performed using traditional tools. This chip-scale device was made of a photoconductive material, which can induce a nonuniform electric field at a specific position under illumination of a beam spot generating a transmembrane potential in the cell. With this approach, cell lysis can be performed using the optically induced electric field. Fibroblast cells and oral cancer cells were used to demonstrate the capability of the developed chip. In addition to lysing the whole cell, the developed method also allowed one to selectively disrupt the cell membrane without damaging the nucleus. Operating parameters such as illumination power density and beam spot diameter for cell lysis were systematically investigated.
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Cell lysis is a basic and crucial technique to extract proteins and nucleic acids for a variety of research fields. There are several methods reported in literature to lyse cells including chemical, 1 thermal, 2 electric, 3-9 laser, 10 ultrasonic, 11, 12 electrochemical, 13, 14 and mechanical approaches. 15, 16 For instance, cells can be easily lysed by using chemical reagents such as detergents. Although the cell lysis process using chemical reagents is simple and straightforward, it cannot lyse a specific cell within a group of cells, which is useful for single cell study. Furthermore, pressure wave or shock wave generated due to bubble collapse is another method to lyse cells. Cells can be lysed by using both the laser-induced 10 and ultrasound-induced 11, 12 pressure waves. Nonetheless, it may be difficult to control the cell lysis process since this involves delicate pressure wave propagation. Alternatively, mechanical forces can also be used to disrupt the cells. For example, the interaction between beads and cells was used to disrupt the cells in a compact disk chamber. 15 Two flat plates were also used to squeeze the cells, thus generating the cell lysis. 16 Recently, microfluidic technologies have been enabling a variety of biomedical applications, especially for cell manipulation and cell-based assays. For instance, microelectrodes were fabricated on a microfluidic chip for electrical cell lysis. [3] [4] [5] [6] The specific geometry of the microchannel was also reported to provide a focused electric field to disrupt the cells. [7] [8] [9] In addition, on-chip cell lysis based on local hydroxide electrogeneration was also reported. 13, 14 Hydroxide ions can porate the cell membranes, thus causing the cell lysis.
Even though these microfluidic devices can be used for cell lysis, it is still challenging to lyse a specific cell within a group of cells. Besides, it is also difficult to only disrupt the cell membrane without damaging the nucleus, which is especially useful in studies of mitochondria. In this study, we report an optically induced cell lysis device that can selectively disrupt a specific cell or only lyse the cell membrane without damaging the nucleus. Figure 1͑a͒ is a schematic illustration showing the working principle of the chip. The lipid bilayer of a cell membrane is known to have a dielectric property. When it is exposed to an electric field, the transmembrane potential, ⌬, is then induced. The transmembrane potential can be regarded as opposite charges induced on the inner and outer membranes. The attraction of opposite charges induced on the inner and outer membranes may generate the compression pressure, which may make the membrane become thinner. 17 The electroporation of the cell membrane can be reversible or irreversible depending on the strength of the external electric field. 3 When the transmembrane potential is higher than about 1 V ͑V͒, it can cause irreversible electroporation to the cell membrane and thus disrupt the cell. The transmembrane potential can be expressed as follows:
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The operating principle for cell lysis by using optically induced dielectrophoresis. When a cell is exposed to an external electric field, the transmembrane potential ͑opposite charges on the inner and outer membranes͒ can be induced. When the transmembrane potential is induced higher than 1 V, it may cause the cell to be disrupted. ͑b͒ The electric field induces cell lysis when the light spot is illuminated on the amorphous silicon layer. applied electric field and a line normal to the point of interest in the cell membrane. When irreversible electroporation of the membrane takes place, the osmotic pressure of the cytosol and the external medium becomes unbalanced, and the cell can be lysed as a result of the overswelling. Figure 1͑b͒ shows a schematic illustration of the optically induced cell lysis device. Amorphous silicon ͑1 m thick͒ is used as the photoconductive layer. Cells in the medium are sandwiched between two indium tin oxide ͑ITO͒ glass plates. An alternating current ͑ac͒ voltage is supplied between the two ITO glass plates. Initially, the amorphous silicon has a high electrical impedance without light illumination. When a beam spot is illuminated on the photoconductive layer, the electron-hole pairs are excited, thus decreasing the impedance by four to five orders of magnitude. Then the ac bias drops across the amorphous silicon layer around the illuminated area, thus causing a nonuniform electric field to interact with the cell. This induces a transmembrane potential across the cell membrane. The illuminated area can then work as an electrode to induce a transmembrane potential on a specific cell and therefore is referred to as a "virtual electrode." In this study, a commercial projector ͑PJ513D, Viewsonic, Japan͒ connected to a personal computer is used as a light source to generate the virtual electrodes. A 50ϫ objective is used to collect and collimate the projector light onto the photoconductive layer. A function generator ͑model 195, Wavetek, UK͒ is used to supply an ac voltage to generate the electric field.
Two kinds of the mammalian cells including a fibroblast cell ͑average size= 16 m͒ and an oral cancer cell ͑average size= 14 m͒ are used to demonstrate the capabilities of the chip. Figure 2 shows a series of images for lysing fibroblast cells. They can be ruptured individually and sequentially by projecting a light spot onto each cell. Note that the light spot is excitation beam illuminated from the projector, which is collected and collimated by a 50ϫ objective lens. In this figure, each cell with its corresponding debris is marked by the same symbol. Note that the cell debris is still under the influence of a positive optically induced dielectrophoretic force 18 so that the position of the debris is not the same as the original cell. The operating conditions for lysing the fibroblast cells and oral cancer cells are 7 and 9 V p.p., respectively, at 20 kHz with a broadband illuminating power density of 1.17 mW/ m 2 with a beam diameter of 22 m. Before this innovation, cell lysis using electroporation must be performed on metal electrodes. [3] [4] [5] [6] Once the metal electrodes are fabricated on the substrate, the position of the electrodes cannot be changed. Thus the lysing of a specific cell that is not located on the electrode cannot be realized. Figure 3 shows the lysis process of a single fibroblast cell. In order to observe whether the cell is viable, a commercial fluorescent dye kit ͑LIVE/DEAD® Viability/ Cytotoxicity Kit L-3224, Molecular Probes, USA͒ is used to stain the cell. The fluorescent dye is excited by a 495 nm light source. The green dye is retained within a viable cell membrane, thus producing a green fluorescence. The red dye is transmitted through the damage membrane and then stains the nucleus with a red fluorescence. Figure 3͑a͒ shows a single viable cell with green fluorescence before a nonuniform electric field is induced. When a light beam is illuminated onto the cell, an electric field is induced and thus the cell membrane and nucleus are ruptured ͓Figs. 3͑b͒ and 3͑c͔͒. The operating conditions are the same as the ones used in Fig. 2 . When the light source is obstructed by a shutter, the cell debris is shown in Fig. 3͑d͒ . It is evident that the cell is totally disrupted.
For mitochondrial DNA studies, it is essential to only lyse the cell membrane to release the mitochondria while keeping the nuclear DNA intact. When the sticky nuclear DNA is released outside the nucleus, it can increase the viscosity of the biosamples significantly. 19 Then it is challenging for microfluidic systems to handle such viscous fluids. Here we demonstrate that only the cell membrane is lysed and the nucleus remains intact by means of reducing the power density of the illumination light spot ͑Fig. 4͒. The operating conditions are 7 V p.p. at 20 kHz with an illuminated power density of 0.73 mW/ m 2 and a beam diameter of 22 m. Figure 4͑a͒ shows a viable fibroblast cell stained by a fluorescent dye kit ͑green fluorescent͒. When the cell is illuminated by a beam spot, it first swells slightly ͓Fig. 4͑b͔͒. Then the light source is obstructed by a shutter. It is observed that the cell membrane is ruptured and the nucleus is stained with red fluorescence ͓Fig. 4͑d͔͒. This is due to the fact that the transmembrane potential depends on the membrane size so that there exists a critical electric field that only disrupts the cell membrane without damaging the nucleus. For different cells, the operating conditions in terms of illuminated power density should be adjusted accordingly. Since cell lysis is caused by the induced electric field. The magnitude of the electric field plays an important role in the cell lysis rate. Two major parameters, including the illumination power density and the size of light spot, 20 may affect the induced magnitude of the electric field and are investigated in this study. After lysing the cells, the disrupted and intact cells are counted to estimate the cell lysis rate. Figure 5 shows the relationship between the cell lysis rate and the illuminated spot diameter at different illumination power densities ͑1.55, 1.17, 0.94, 0.73, 0.58, and 0.29 mW/ m 2 , respectively͒. The fibroblast cells are used to demonstrate the lysis results. It is seen that the bigger the illumination spot diameter, the higher the cell lysis rate. Furthermore, the cell lysis rate also increases with an increasing illumination power density. Because the larger illuminating spot and a higher illuminating power density can induce more electron-hole pairs in the amorphous silicon, there is a higher voltage drop across the liquid layer.
In summary, we have demonstrated an optically induced cell lysis device that can individually and sequentially rupture a specific cell or only lyse the cell membrane without disrupting the nucleus. The operating parameters, including the beam spot diameter and the illumination power density, are investigated to explore the cell lysis rate. The developed chip can be a promising tool for single cell study. 2 and a light diameter of 22 m. ͑a͒ A cell is stained by a green fluorescence. ͑b͒ When the device is illuminated by a light beam, the cell is slightly swollen by osmotic pressure. ͑c͒ Illumination continues until the cell membrane is ruptured. ͑d͒ After illumination the light source is obstructed by a shutter; the intact nucleus is expressed with a red color.
FIG. 5.
The relationship between the cell lysis rate and the spot diameter of the illumination light at various illumination power densities. The higher the illumination power density and light spot diameters, the higher the cell lysis rate. The fibroblast cells are used to demonstrate the lysis in this case.
